Communicated by Daniel I. Arnon, April 19, 1982 ABSTRACT Fructose 2,6-bisphosphate (Fru-2,6-P2), a regulatory metabolite discovered in animal cells and recently reported to occur in etiolated seedlings, was found to be present in the cytoplasmic fraction of leaves of spinach and peas (typical C3 plants, in which a three-carbon carboxylic acid is a major early photosynthetic product). At concentrations approximating those calculated to occur physiologically, Fru-2,6-P2 modulated two enzymes of the leaf cytoplasm: (i) Fructose-1,6-bisphosphatase (EC 3.1.3.11), a key enzyme of sugar synthesis, was competitively inhibited by Fru-2,6-P2, and (ii) pyrophosphate-linked phosphofructokinase (inorganic pyrophosphate-D-fructose-6-phosphate 1-phosphotransferase, EC 2.7.1.90), a cytoplasmic enzyme that now seems important in glycolysis of C3 plants, was activated by Fru-2,6-P2. There was no indication of a role for Fru-2,6-P2 in photosynthesis ofeither chloroplasts or oxygenic prokaryotes. The results suggest that Fru-2,6-P2 functions in the regulation of glycolysis and glu-
coneogenesis (carbohydrate synthesis) in the cytoplasm of leaves of C3 plants.
Fructose 2,6-bisphosphate (Fru-2,6-P2) is a recently discovered metabolite that functions in the regulation ofglycolysis and gluconeogenesis in mammalian tissues (1) (2) (3) (4) (5) (6) (7) . The regulation ofeach of these pathways by Fru-2,6-P2 is achieved through the modulation ofa target enzyme: an activation ofphosphofructokinase (PFK; EC 2.7.1.11) in the case of glycolysis (Eq. 1) and an inhibition of fructose-1,6-bisphosphatase (Fru-P2ase; EC 3.1.3.11) in the case of gluconeogenesis (Eq. 2).
PFK
Fructose 6-phosphate + ATPFructose 1,6-bisphosphate + ADP [1] Fru-P2ase
Fructose 1,6-bisphosphate + H20 -Fructose 6-phosphate + Pi.
[2] Recently, Fru-2,6-P2 was reported to occur in plant tissues (nonphotosynthetic) and to function therein in the activation of a pyrophosphate-linked phosphofructokinase (8, 9) , a saccharolytic enzyme of certain microbial (10) (11) (12) (13) and plant (14) [3] It is not known whether Fru-2,6-P2 occurs in green tissues or, importantly, whether it plays a role in photosynthesis. We have therefore conducted a study aimed at answering these questions and now report evidence that Fru-2,6-P2 is both present and functional in leaves of C3 plants. (C3 plants produce a 3-carbon carboxylic acid as a major early product of photosynthesis). At concentrations commensurate with those occurring in vivo, Fru-2,6-P2 inhibited the cytoplasmic form of Fru-P2ase (15, 16) , a key enzyme in the synthesis of sugars, including sur crose, the most abundant sugar of green plants (17, 18) . By contrast, PFP, a cytoplasmic enzyme that now appears to play an important role in glycolysis, was activated by Fru-2,6-P2. The results are consistent with the view that Fru-2,6-P2 functions as a cytoplasmic regulatory metabolite in leaves of C3 plants.
MATERIALS AND METHODS Plant and Microbial Material. Spinach plants (Spinacea oleracea, var. Hipack, Asgrow Seed, Tracy, CA) were grown in a nutrient solution in a greenhouse as described (19) . Green peas (Pisum sativum, var. Progress no. 9, Ferry Morse, Mountain View, CA) were grown in vermiculite under natural lighting conditions. Nostoc muscorum was grown on N2 as described by Arnon et al. (20) . Prochloron was collected in June 1981 near Palau, Western Caroline Islands, and kindly provided by R. Lewin (University of California, San Diego).
Reagents. Except for fructose 6-phosphate (Fru-6-P), which was obtained from Boehringer Mannheim, biochemicals and the "coupling enzymes" for assay of PFF, PFK, and Fru-P2ase were obtained from Sigma (PFP and PFK: aldolase, a-glycerophosphate dehydrogenase, triose phosphate isomerase, all from rabbit muscle; Fru-P2ase: yeast phosphoglucose isomerase, baker's yeast glucose-6-phosphate dehydrogenase). Fru-2,6-P2 was synthesized as described (4 Purification of PFP. All steps were carried out at 4°C. Washed spinach leaves (60 g) were homogenized for 10 sec in a Waring Blendor containing 150 ml of 50 mM N-[tris(hydroxymethyl)methyl]glycine (Tricine)/KOH buffer, pH 7.6, supplemented with 14 mM 2-mercaptoethanol and 0.5 mM phenylmethylsulfonyl fluoride. The homogenate was filtered through four layers of cheesecloth, the residue was discarded, and the filtrate was centrifuged for 15 min at 27,000 X g. The supernatant fraction (155 ml) was clarified by centrifugation (30 min, 95,000 x g) and then applied to a DEAE-cellulose column (Whatman DE 52), 2.6 x 15 cm, that had been equilibrated with 50 mM Tricine/KOH buffer, pH 7.6, containing 14 mM 2-mercaptoethanol. The column was washed with 100 ml ofthe same buffer and then a linear 300-ml salt gradient was applied (0-0.25 M NaCl in the buffer). Fractions (3 ml) were collected and analyzed for PFP and PFK activities and protein content. The fractions showing peak PFP activity were combined (6 ml) and used as the source of PFP. PFP purified by this procedure was enriched 20-fold over that in the initial leaf extract. The preparation was essentially free of PFK and pyrophosphatase activities.
Purification of Cytoplasmic Fru-P2ase. All steps were carried out at 4°C. Washed spinach or pea leaves (100 g) were homogenized in a Waring Blendor containing 200 ml of 0.1 M sodium phosphate buffer, pH 7.7, supplemented with 5% sucrose, 2% polyvinylpyrrolidone, 1 mM tetrasodium EDTA, 0.5 mM phenylmethylsulfonyl fluoride, and 28 mM 2-mercaptoethanol. The homogenate was filtered and centrifuged as given above for PFP. 7The supernatant fraction (220 ml) was subjected to solid ammonium sulfate fractionation at 4°C, while the pH was maintained at 7.2 by careful addition of0.2 M NaOH (centrifugation 15 min, 39,000 X g). The material precipitating between 0 and 40% saturation with ammonium sulfate was discarded; the 40-65% ammonium sulfate fraction, which contained the bulk ofthe AMP-sensitive Fru-P2ase activity, was saved and dissolved in 6 ml of 50 mM sodium phosphate buffer, pH 7.7, containing 10% sucrose, 100 mM NaCl, and 28 mM 2-mercaptoethanol. This Mesophyll protoplasts. Spinach mesophyll protoplasts were prepared as described by Wirtz et at (22) (24) . Chlorophyll was determined as described by Arnon (25) . Fru-2,6-P2 was analyzed by the rabbit muscle PFK procedure (26) and identified by its lability in acid solution. Accordingly, in the assay method for Fru-2,6-P2, cell-free extract equivalent to that being analyzed in PFK activation was incubated in 0.1 M HC1 for 15 min at 30'C, neutralized, and assayed as described (4). The Fru-2,6-P2 concentration was determined from the difference between acidtreated and untreated samples.
RESULTS AND DISCUSSION
Effect of Fru-2,6-P2 on Spinach Chloroplast Fru-P2ase and PFK. Fru-2,6-P2 is believed to function in the regulation ofgluProc. Nat Acad. Sci. USA 79 (1982) coneogenesis in mammalian cells through its capability -of inhibiting Fru-P2ase. In view ofthe biochemical parallels between gluconeogenesis and photosynthesis, we decided to test the effect. of Fru-2,6-P2 on -the thioredoxin-linked Fru-P2ase that occurs in chloroplasts (23) . This-experiment revealed that Fru-2,6-P2 had no effect on chloroplast Fru-P2ase, in either the absence or the presence of reduced thioredoxin, until the concentration was raisedto about 100 times that reported to inhibit mammalian Fru-P2ase-i.e., 100 AM. Insensitivity to low concentrations of Fru-2,6-P2 is thus an addition to a list of biochemical properties that distinguish chloroplast.Fru-P2ase from the mammalian equivalent (namely, capability for activation by reduced thioredoxin, low affinity for Fru-1,6-P2 substrate, and insensitivity to.AMP) (23, (27) (28) (29) .
PFK is generally recognized as being the metabolic antipode of Fru-P2ase in animal as well as plant cells. In the case of animals, PFK is known to be activated by nanomolar concentrations of Fru-2,6-P2 (3, 5, 26) . We therefore tested the effect of Fru-2,6-P2 on the PFK purified from chloroplasts. When assayed under a variety ofconditions, including those developed for mammalian systems (26) , chloroplast PFK (21, 30, 31) showed no significant response to Fru-2,6-P2 up to concentrations of 4 pAM.
Effect of Fru-2,6-P2 on Cytoplasmic Fru-P2ase from Spinach Leaves. The absence of a strong Fru-2,6-P2 effect on FruP2ase or PFK from chloroplasts prompted us to turn our attention to the cytoplasm and to test the possibility that Fru-2,6-P2 is involved in the regulation of leaf enzymes in that compartment. The first to be studied was Fru-P2ase, an enzyme that is known to resemble mammalian Fru-P2ase in a number of properties, including inhibition by AMP, lack of a response to reduced thioredoxin, and strong affinity for Fru-1,6-P2 substrate (Km = 5 AM determined in this study) (refs. 15 and 16; unpublished data). The results of these experiments were positive: Fru-2,6-P2 caused a strong inhibition of Fru-P2ase ( Fig.   1 ) and was effective at relatively low concentrations (Ki = 0.13 puM) (Fig. 2) . The capability of undergoing inhibition by Fru-2,6-P2 is thus another property that cytoplasmic Fru-P2ase from leaves shares with Fru-P2ase from mammalian sources (6, 7) .
Under the conditions used here, cytoplasmic Fru-P2ase from spinach leaves was inhibited about 50% by 0 those summarized above for spinach were obtained in the current study for the cytoplasmic Fru-P2ase purified from pea leaves by the above procedure (data not shown).
Effect of Fru-2,6-P2 on Cytoplasmic PFP from Spinach Leaves. PFP, an enzyme described for certain bacterial species (10-13), was found by Carnal and Black (14) to be present in leaves from pineapple, a plant showing crassulacean acid metabolism. PFP activity was recently demonstrated in darkgrown (etiolated) mung bean seedlings and shown to be activated therein by micromolar concentrations of Fru-2,6-P2 (8, 9) . To our knowledge, PFP has not been reported to occur in photosynthetically competent leaves of C3 plants such as spinach.
We considered that the absence of a report describing PFP in green leaves ofsuch plants could be related to its dependency on Fru-2,6-P2, a regulatory metabolite unknown until quite recently. This hypothesis was confirmed: in cell-free preparations from spinach leaves, we were readily able to detect high levels of PFP activity, but only in the presence of Fru-2,6-P2. We. found no evidence that PFP occurs in chloroplasts. In partially purified preparations from leaves, PFP quirement for Fru-2,6-P2 (Ka for Fru-2,6-P2 = 0.012 AM) (Fig.   3 ). The concentration of Fru-2,6-P2 required for activation of cytoplasmic PFP from leaves is similar to that observed with PFK from mammalian sources (3, 5, 26) . The Fru-2,6-P2-linked activation of PFP was observed over broad ranges of pH and substrate/cofactor concentrations, but the extent of activation was most pronounced at lower pH values (Fig. 4) and high pyrophosphate concentrations (>0.5 mM) (Fig. 5) . Limiting Fru-6-P and Mg2e were also conducive to enhancing activation by Fru-2,6-P2 (Fig. 5) . The data indicate that Fru-2,6-P2 promotes the activation of PFP through relieving substrate inhibition by pyrophosphate and increasing affinity for Mg2e and Fru-6-P.
In the latter case, the addition of Fru-2,6-P2 decreased the K,,, for Fru-6-P substrate from 3.3 to 0.05 mM. The effects of Fru-2,6-P2 on the kinetics ofcytosolic PFP and Fru-P2ase from spinach leaves are summarized in Table 1 .
Occurrence ofFru-2,6-P2 in Leaves. The above results demonstrate that two enzymes of leaf cytoplasm, Fru-P2ase and PFP, show a regulatory response to Fru-2,6-P2 at low concentrations. If these findings are to be physiologically meaningful, the cytoplasm of leaf cells should contain Fru-2,6-P2. This was found to be the case: when spinach and pea leaves were analyzed by the mammalian PFK procedure, Fru-2,6-P2 was found to be present, specifically in the cytoplasmic fraction of mesophyll cells, the most important photosynthetic cells in C3 plants. The Fru-2,6-P2 content varied with the lot of leaves, with values ranging up to 3 nmo/mg of protein recovered in leaf extracts CONCLUDING REMARKS The present results provide evidence that Fru-2,6-P2, a recently discovered regulatory metabolite that is widely distributed in animal cells (32) , functions differentially in the regulation of sugar synthesis and degradation in the cytoplasm of leaves of C3 plants. Fru-2,6-P2 was found to activate PFP, a pyrophosphate-linked phosphofructokinase of glycolysis, and to competitively inhibit Fru-P2ase, an enzyme of sugar (sucrose) synthesis in the cytoplasm. The basis for the difference in Fru-2,6-P2 concentration required to achieve modulation of these two enzymes (Ka = 0.012 ,uM for PFP, Ki = 0.13 AM for Fru-P2ase)
is not clear, but it is noteworthy that a similar situation holds for the regulation of corresponding enzymes from mammalian cells [Ka = 0.01-0.024 AM for PFK (26) , Ki = about 0.5 .M for Fru-P2ase (7)]. Significantly, -in contrast to mammalian tissue, we observed no effect of Fru-2,6-P2 on PFK activity in leaf preparations.
Under the conditions used here, PFP extracted from spinach leaves showed a higher activity (10 units/100 g of fresh leaves) than that reported for cytoplasmic PFK from the same source (3-6 units/100 g of fresh leaves) (30) . Accordingly, it would seem that PFP plays at least as important a role in cytoplasmic glycolysis of the leaf as does PFK, provided that sufficient concentrations of pyrophosphate are present. Future experiments are necessary to determine if this is indeed the case, and if so, the source of the pyrophosphate needed by the enzyme must be identified. A related unanswered question of fundamental importance concerns the nature ofthe mechanism that controls Proc. NatL Acad. Sci. USA 79 (1982) the formation of Fru-2,6-P2, which, in turn, modulates the enzymes described here. Mammalian cells have recently been shown to link the activity of a specific kinase, catalyzing synthesis of Fru-2,6-P2 from Fru-6-P and ATP, to the hormone glucagon via a cAMP-dependent phosphorylation ofthe enzyme (34) (35) (36) . In recent experiments we have obtained evidence that spinach leaves contain akinase with a similar catalytic capability. The regulatory properties ofthe spinach kinase are not yet fully known.
A final point worthy of mention is the current evidence that Fru-2,6-P2 is apparently neither present in chloroplasts nor functional in the regulation of photosynthesis. Support for this conclusion comes not only from the experiments described above but also from related experiments in which we were unable to detect significant quantities of Fru-2,6-P2 in oxygenic photosynthetic prokaryotes [(Nostoc muscorum, a cyanobacterium, and Prochloron, a chlorophyll b-containing unicellular organism (37, 38) ]. The evidence currently available thus indicates that, at least in the case of photosynthetic organisms, Fru-2,6-P2 occurs and functions mainly, ifnot exclusively, in eukaryotes.
